AD=A111 082 BELL AEROSPACE TEITRDN BUFFALO NY F/8 20/5
DRO.!N PUMPED TODINE LASER STUDY. (U}
JUL 80 J A BLAUER,. J ¥ RAYMONDA» D R JANIAK FZ’OM-?G'C-DOO!
UNCLASSIFIED AFWL=TR=79=17,

..... :
oaTE
FILED




AFWL-TR-79-178 2
\ S AFWL-TR-
Bl | L 79-178

A\,

A HYDROGEN PUMPED IODINE LASER STUDY

S

~ [

ey Jay A. Blauer, et al.

Py

<< Bell Aerospace Textron

9: Buffalo, NY 14240 ' g e

M

July 1980 [ 1732 j

' 4

Final Report

Approved for public release; distribution unlimited.

AIR FORCE WEAPONS LABORATORY
Air Force Systems Command
Kirtland Air Force Base, NM 87117

82 02 17 059

-




AFWL-TR-79-178

This final report was prepared by the Bell Aerospace Textron, Buffalo, New
York, under Contract F29601-76-C-0063, Job Order 33260310 with the Air Force
Weapons Laboratory, Kirtland Air Force Base, New Mexico. Dr. David J. Benard
(ARA) was the Laboratory Project Officer-in-Charge.

When US Government drawings, specifications, or other data are used for any
purpose other than a definitely related Government procurement operation, the
Government thereby incurs no responsibility nor any obligation whatsoever, and
the fact that the Government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other data, is not to be regarded
by implication or otherwise, as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture, use,
or sell any patented invention that may in any way be related thereto.

This report has been authored by a contractor of the United States
Government. Accordingly, the United States Government retains a nonexclusive,
royalty-free license to publish or reproduce the material contained herein, or
allow others to do so, for the United States Government purposes.

This report has been reviewed by the Public Affairs Office and is releasable
to the National Technical Information Service (NTIS). At NTIS, it will be
available to the general public, including foreign nations.

This technical report has been reviewed and is approved for publication.

Ll B S

DAVID J. BENARD
Project Officer

FOR THE DIRECTOR

- - i f S~
/2]""‘"4/ /? ﬁ”‘/"‘/ ./?Z/f'vf':‘/»t:{( ,/_f{/f%ﬁ/‘"‘-’

RONALD R. BOUSEK \ ARMAND D. MAIO

Major, USAF Colonel, USAF t

Chief, New Laser Concepts Br Chief, Advanced Laser Tech Div :5%
X

D0 NOT RETURN THIS COPY. RETAIN OR DESTROY




LINC) ASSTELED

SECURITY CLASSIFICATION OF THiS PAGE (When Dete Entereq)

REPORT DOCUMENTATION PAGE BEF O N Ay
[T REPGRT NUMBER 2, GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
AFWL-TR-79-178 D41l ol .
4. TITLE (ana Subtitle) M $. TYPE OF REPORT & PERIOD COVERED
HYOROGEN PUMPED IODINE LASER STUDY Final Report
) 6. PERFOAMING ORG. REPORT NUMBEN
7. AUTHOA(S) 6. CONTRACT OR GRANT NUMBER/s)
v Jay A. Blauer, J. W. Raymonda, D. R. Janiak,
G. D. Hager, R. Shortridge, G. D. Myers, F29601-76-C-0063
L. Solomon
3. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::ggﬂ‘kgoﬁk SS‘NTY“PUR“O'J:!CST TASK
Bell Aerospace Textron
S&g%a$gf ;Y 14240 63601F/33260310
11. CONTROLLING OFFICE NAME AND ADDRESS ) 12. REPOART DATE
| Air Force Weapons Latoratory (ARA) July 1980
| Kirtland Air Force Base, NM 87117 g Hetn on paees
14, MONITORING AGENCY NAME & ADDRESS(/! difterent lrom Controlling Otlice) 18. SECURITY CLASS. (of this report,
Unclassified
18a. DECLASSIFICATION DOWNGRACING
SCHEDULE

16. DISTRIBUTION STATEMENT (of thia Report)

Anproved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abarract entersd in Block 20, i1 ditferent ftom Report)

-
A
K2

18. SUPPLEMENTARY NOTES

19. XEY WORDS (Continue on reverse side /[ necessery and identify by bdlock aumber)

Atomic Laser
Chemical Pumping h
Vibrational Energy '
Energy Transfer )
Electronic Excitation .
20. ABSTRACT /Continue on reverse side if necessary and identify by bdlock number) y4
~ Experimental data relative to attempts to induce lasing at 3. 3154(E9 in
a chemical atomic iodine medium are presented.

' The critical issue was the establishment of high number densities of
hydrogen atoms. First, atomic hydrogen was prepared by shock-heating mixtures
of H2 in Ar. The plenum gases were accelerated through a nozzle bank and
molecular HI was injected into the flow. Medium diagnostics were conducted
{ayer)-

DD ,5ans 1473 ¢ NCLA

) SECURITY CLASSIFICATION OF TwiS PAGE ‘When Dara Entered’




e e e e e .

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Dete Entered)

20. ABSTRACT (Continued)

- 4n a windowed section downstream of the nozzle exit plane, on both 3 in.

and 12 in. nozzle arrays.

ATl attempts employing the shock tube(;::o induce lasing in this
chemical system were unsuccessful and measurements of small signal gain
yielded ambiguous results. The major problem was probably loss of hydrogen
atoms by wall recombustion.

Following this, a CW approach for the in-situ chemical formation of
atomic hydrogen involving reaction between sodium vapor and HI was tested
in a flow reactor. Oouble-resonance gain measurements indicated loss
rather than gain. Shock-tube experiments using conditions that previously
yielded gain were repeated using the double-resonance gain diagnostic, and
only loss was found.

On the basis of these experimental results, it is recommended that
efforts to obtain lasing from a hydrogen pumped jodine medium be

discontinued. .
'

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE!"en Dete Entered)




PREFACE
L: The work reported in this Technical Report has been monitored by Capt. Russel Armstrong.
3 Maj. William McDermott, and Dr. David Benard of the Air Force Weapons Laboratory (AFWL/ALC).
1 The work was accomplished at the High Energy Laser Research Facilities of Beil Aerospace Textron

(BAT) located in Butfalo. New York. Dr. Jay A. Blauer of BAT was the Project Engineer until April,
1979. Dr. John W. Raymonda was Project Manager from Aprit 1, 1979 through the completion
of the contract.

ol

The work reported herein covers a time period of forty-one months, beginning in May of
1976 and ending in September 1979.

The facilities and all test equipment described herein were furnished by BAT. The test data
described were obtained by Drs. Jay A. Blauer, Gordon D. Hager, Daniel R. Janiak, Warren F.
Brandkamp, Robert Shortridge, Gary Myers and John W. Raymonda. The report itself was authored
by Drs. Blauer and Raymonda. Special thanks are given to Dr. Leroy Wilson and professor John C.
Polanyi who encouraged the beginning of this work, and to Dr. Wayne C. Solomon who aided in
the design and interpretation of the initial experiments,

Accession ﬁbr

NTIS GRA&I X
DIIC TAB (]
Unianmouncad i
Justilln oL

PN

By . .
Dirt o !

1/2

T TS S A FECES TN, Vo B




ei e

L e e A

Section

I

11

111

v

CONTENTS

INTRODUCTION ..............
1. Background ................
2. Medeling Studies . ...........

EXPERIMENTS ..............
1. Phase I - Three Inch System ...
2. Phase Il - Twelve Inch System ..
3. Calibrations ...............

RESULTS AND DISCUSSION .....
1. Phase ]l - Three Inch System .. ..
2. Phase Il - Twelve Inch System ..

...............................

...............................

DOUBLE RESONANCE GAIN MEASUREMENTS IN A SUBSONIC

FLOW TUBE (PHASEIID). .. ....

1. Experiments ..............
2. Results ..................

CONCLUSIONS AND RECOMMENDATIONS .......................

REFERENCES ................

- oo

11
11
16
20

23
23
31
53

53
59

65

67

69




Figure

ta

4 O U e

8(a)
8(b)

16
17
18

19
20

ILLUSTRATIONS

The Apparent Percentage of Reaction Yielding1* . ...... ... . ... ... ..

Expected Small Signal Gains at 1.3154 um Produced in l(’P,/;) by

Transfer of Vibrational Energy from Chemically Formed HI ...........
Schematic of Nozzle Design Used to Study the lodine Chemical System. . . ..
Photograph of Mixing Nozzle Array ........... ... ...,
Optical Confjguration for Gain Measurements . . . ......................
Photograph of Apparatus for Gain Measurement ... ....................

Schematic of Shock-Tube Laser Nozzle Apparatus with 12-Inch Optical

Path Through Active Medium .. .......... ... ... ... .. ... .. .. ...
Body Nozzle for 12-Inch Shock-Tube Laser. . ........ .. ... ... ... ..

Photograph of Mixing Nozzle Array (2 1/2-Inch Section). Overall Length

IS 12-Inches .. ..o e e

Photograph of Assembled Apparatus Showing the Constant Area Duct,

Laser Cavity.and Ballast Tank . .. ... ... ... ... . i

Cavity Absorption and Observation Chamber Pressure Traces for 0.1% IF;
Shock-Heated to 4160 K and Expanded to 148 torr and 832K,

A= 18328, Lower State . ..ottt

Absorption Profile at 20624 for I(*P,;, ) Plenum Temperature and Pressure

Were 5380K and 7.2 Atm Respectively . ......... . ... ... ..........

Absorption Profile at 2062A for [(?P,,) Plenum Pressure and Temperature

Were 7.2 Atm and 5380 K Respectively ..........................

Oscillogram Traces Showing Absorption for the 2062A and 1830A
Resonance Lines and the Plenum Pressure for One Experimental
Condition Having H, in the Plenum and HI Injected Downstream.

SOt NOZZIe ..ottt e e e e e
Absorption Protile at 2062A and Corresponding Emission Trace at 1.3154 um.
Cavity Temperature and Pressure of 475 K and 7.0 torr, Slot Nozzle . . ...

Oscillogram Showing the IR Emission Level at 1.3 um and the Pressure

Profile .. ...
Hot Reaction [H + F, = HF(v) + F] HF Chemical Laser Action at 2.7 um . . .
Cold Reuction [F + H; = HF(v) + H] HF Chemical Laser Action at 2.7 um ..

llustration of Cavity and Plenum Pressures as a Function of Time for the
I2-Inch System. Reflected Shock Parameters of 3960 K and 2.9 Atm

[flustration of Typical Chemiluminescent Pulse Produced in 12-Inch System. .

Illustration of Effects of Injector Contamination on Chemiluminescent

Intensity ... ..

Illustration of Cavity Experiments for one Experimental Condition. Plenum

Conditions Correspond to 3825 Kand 3.2Atm . ....................

[llustration of Cavity Experiments for one Experimental Condition. Plenum

Conditions Correspond to 3820 K and 3.1 Atm .....................

[llustration of Cavity Experiments for one Experimental Condition. Plenum

Conditions Correspond to3730Kand 3.2Atm .....................
[Hustration of Hot Reaction [H + F; = HF(v) + F] HF Chemical Laser Action
F R 73 1 T

Page

10

10
11
12

14
15

17
18

28
28
31

32
3z

33

34

35

35




- e o

Figure

25(a)

25(b)

30
31
32
33

34
35
36
37
38
39

40

41
42
43

45
46
47

48
49
50

51
52

ILLUSTRATIONS

Hlustration of Pregain Reference Measurement in 12-Inch System for

one Experimental Condition, See Figure 23(b). Before Test ...........

Illustration of Gain Measurement in 12-Inch System. Plenum Conditions

Were 4100Kand 3.7TAtm ........... .. .. .. .
Nozzle Blockage Experiments ................. .. iiiiinninnin...

Laser Action at 2.7 um Produced by the HF Cold Reaction: F +H; =

HE() + H e e e

Nozzle Blocking Experiment with HF Cold Reaction Laser in the 12-Inch

ST £ (-] 1+ + TP

Ilustration of the Effect of Molar Flow Ratio ¢ = ny{/ny. for one Experi-
mental Plenum Condition: 5.8% Atomic H in Ar at 3800 + 100 K and

32 2 AN . e e e
Typical Wave Diagram . . ........ .ot e
Wave Diagram for One Hot Reaction Experimental Condition. ... .........
Wave Diagram for One Cold Reaction Experimental Condition ... .........

Wave Diagram for One Hot Reaction Experimental Condition. The Plenum

Temperature and Pressure were 4200 K and 3.5 Atm Respectively . ... ..
Laser Actionat 2.7um Derived from HF. .. ........... . ........... ...
Chemiluminescence from Atomic lodineat 1.3 um . ....................

Sketch of Diffusional Problem for Recombination of Hydrogen ‘Atoms on

the Walls of the Nozzle Block Assembly .............. ... ... .......

Chemiluminescence from Atomic lodine at 1.3 um. The 12-Inch System

Was Used withan Area Ratioof Il ........ ... ... . ... .. . . . ...

Iifustration of the Effect of Axial Distance from Nozzle Exit Plane Upon

the Chemiluminescent Intensity at 1.3um .........................

INustration of Cavity Experiments for Radiation Emanating from a Position

13.5cm from Nozzle ExitPlane ... ... ... . ... . . . o ...

Chemiluminescence from Atomic lodine at 1.3 um. The 12-Inch System
Was Used with a Simple Contoured SI6t Nozzle Having an Area Ratio

Of 10 o e e

Side View of Experimental Arrangement ...........................
Top View of Experimental Arrangement ............................
1.315u lodine Laser Pulse ................ ... .. .. iiiiiiiiii.

Photograph of the Double Resonance Apparatus - Viewing the Flow Tube

Ground State lodine Absorption .............. .. ... .. ... i,
Typical Double Resonance Oscilloscope Traces .......................

Longer Sweeprate Oscilloscope Trace Depicting Time History of 2062A

ABSOIPlION ... e
Modeling Results . ... ... . . it e e e
Double Resonance Apparatus Modification .........................

Relative Absorption at 2062A as a Function of Distance Downstream from

Ring Injector . ... . .. i
Schematic of Shock Tube Double Resonance Gain Measurement ..........
Double Resonance/Shock Tube Results ............ ... ...,

T SO« W Ly

Page

37

37
38

39

39

a4l
42
43
44

45
46
46

49

50

51

52
54
55
57
58
59
60

61
6l

~
-

63
64
64

e L e~ 1 P bt TR W




Number

1

il
111
IV(a)

IV(b)

\2
vl

VI
IX

X1

X1
X

TABLES

Reaction Rate Data tor the H-HI System .. ......... ... ... ... .......
Absorption Data for [(3P;/;)atA=18304A ... ... ...................
Absorption Data for I(3P,/;)atA=20623A ... ... ... ... ...

Experimental Conditions for Cavity Number Density Measurements.

SIOENOZZIE .. .

Experimental Conditions for Cavity Number Density Measurements. Data

Taken With Two-Dimensional (Slot) Nozzle Systems . ................

Experimental Conditions for Cavity Number Density Measurements. Data

Taken With Mixing Nozzle Array . . ........ ... .. .. . . ..

Small Signal Gain Measurements Taken With Mixing Nozzle Array

(Trple Pass). ... ..o o

Small Signal Gain Measurements tor ] 2-Inch System Showing Effect of

Injector and Wall Contamination .. ....................... .......
Cold Reaction Nozzle Blocking Experiment . ........................
Power Measurements for the HF Cold Reaction . ......................
Power Measurements for the HF Hot Reaction .................. .....

Reactioii Rate Data for Gas Phase Encounters Between Alkali

Metal Atoms and Hydrogen lodide .. ....... ... ... ... . . ... .. .. ...
Run Conditions for the Nu + HI Double Resonance ...................
Shock Tube Test Conditions and Results . ..........................

30

36
38
40
47

53

03
64




I. INTRODUCTION

1. BACKGROUND

It has been noted by several researchers that, during attempts to produce vibrationally or
electronically excited diatomic molecules from highly exothermic reactions of the atom-molecufe
type, intense atomic resonance line emission is frequently observed.}"7 Eckstrom et all and

Obenauf et al2 have noted intense emission from electronically excited Mg, Ca, Sr. and Ba during
exothermic reactions of the type

Ba + N2O = BaO* + N, (1)

Similarly, Cadman et al3 have observed emission from I ("'Pl /1) during their studies of reactions of
the type '

H+HI=Hy (v< 3)+1(°P3;s) (2

“ - .
In the same vein, we have observed emission from Br ( 'Pl /:) as derived from a somewhat similar
system during the course of our research, i.e.,

H+HBr = Hy (v< 1) + Br (2P3) (3)

Hall5 has reported high number densities of electronically excited alkali metal atoms which are
formed during reactions of the type

Na+F,=NaF*+F (4)
Somewhat similar alkali-halogen studies have been reported by Oldenborg et al.®
A common feature that appears in the explanation of all of the results referenced is that the

atomic emission is of a secondary origin. Thus, M. Polanyi and others’- 8 postulated multistep
excitation mechanisms of the type

Na +Cly =NaCl*+(l (5)
Cl + Naz = NaCl* + Na 6)
NaCl* + Na = NaCl + Na* (M

More recently, Polemyi3 and Husain® give the following explanation for the emission at 1.3154
um observed during the reaction of atomic H and HI, namely that reaction (2) above is
followed by

Ha(v) +1(3P3/2) = Hy (v-2) + 1 (3P} 1) (8)

b.J. Eckstrom, S.A, Edelstein, and S.W. Benson, J. Chem. Phys., 60. 2930 11974).
R.H. Obenaut, C.J. Hsu, and H.B. Palmer, J Chem. Phys., 58,4693 (1973).

P. Cadman and J.C. Polanyi, J. Phys. Chem., 72, 3715 (1968).

M.L. Zwillengerg, D.W. Naegeli, and |. Glassman, Comb. Sci. Tech.. 8,237 (1974),
. L.H. Hall, Appl. Phys. Lett., 27 (6), 335 (1975).

R.C. Oldenborg, J.L. Gole, and R.N. Zare, J. Chem, Phys., 60, 4032 (1974).

. M. Polanyi, “Atomic Reactions,” Williams and Norgate, London, 1932,

H. Beutler and M. Polanyi, Z. Physik. Chem., B1, 3 (1928).

D. Husain and R.J. Donovan, Adv. Photochem., Vol. 8, pp 1-75, 1971
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Photon yields have been reported for several cases of atomic line emission of the type dis-
cussed here and they vary trom less than 107 tor some of the cases considered by Eckstron et all
10 near unity for atomic iodine emission as discussed by Cadman and Polanyi.3

Our basic approach to the problem of inducing population inversions among the internal
energy states of atomic species by chemical means involves a detailed investigation of candidate
secondary processes of the types described here. Our main interest to the present time has been in
conducting a detailed study of the chemical and physical processes operative in reactions (2) and (8).

We have attempted to induce a population inversion between the SzP]_ ~and 5:P3,_~_ states of

atomic iodine by chemical means alone. This choice was made, at least in part, due to the tact that
much is already known regarding the important chemical kinetic 9.10 4pnd physical proccsscs’ L1213
of this particular system.

2. MODELING STUDIES

In order to produce usetul design information for an experimental approach to a study of the
H-HI system. we nave collected, from literature sources. the reaction rate data necessary tor system
modelin% attempts. These data are listed in Table [. In constructing this table we use a rate of
1-5x 10 'cm3/mol for the V — E transfer process of interest and a theoretical 1+ 757 conversion
of the exothermic energy of the pumping reaction to vibrational motion in the newly formed H-
molecuic. These values develop from a fit of the kinetic model described here to the data’of Polany i.3
The collisional deactivation etficiency of H relative to the intemal excitation energy of I( “Pyia)is
an estimate taken from our recent experiments with these two species, In making these calculations.
we have not concerned ourselves with the mixing {)roblem. The results are then of qualitative use
only. The line broadening coefficients of Padrick 5 were used in these calculations.

In using the model outlined here we find several interesting features. First, the formation of
large quantities of H, (v = 3) during the reaction of H and HI does not contribute substantially to the

subsequent transfer of vibrational energy to | (2P3/2). This effect has its origins in the near thermo-
neutral reaction following:

Indeed. we find the greatest population of l(zPl/g) under the assumption that most of the Ha is excited
to its second vibrational level. Even with this factor accounted tor, we are unable to compute more
than a 55%conversion of 1(2P3 4) to I(zPl/-_)) under the conditions investigated, rather then 807
conversion as reported by Cadman and Polanyi3 (see Figure 1). Nevertheless, it is encouraging to

note that although our model underestimates this observed conversion efficiency, it still predicts
sizeable small signal gains under obtainable conditions (ee Figure 2).

10. D.E. Obrien and J.R. Bowen. §. Appl. Phys.. 42(3). 1010 (1971,

1. J.V.V. Kasper and G.C. Pimentel, Appl. Phys. Lett.. 5,531 (1964).

2. K. Hohla and K.L. Kompa, Appl. Phys. Lett., 23(2), 77 (1973).

13. J.V.V. Kusper, J.H. Parker, and G.C. Pimentel, J. Chem. Phys., 43, 1827 (1965%).

14. P.J. Kuntz, E.M. Nemeth, J.C. Polanyi, S.D. Roshen, and C.E. Young, J. Chem. Phys., 44, 1168 (1966).
15. T.D. Padrick and R.E. Palmer, J. Chem. Phys., 62, 3350 (1975).




TABLE I. REACTION RATE DATA FOR THE H-HI SYSTEM
REACTIONS INVOLVING GENERALIZED COLLISION PARTNERS

Reaction M A N Elkcal) Commaents  Refersnces
Hel=Hl " /3He + 3H, soxw0' a0 o0 16
Pei=ly *12501, 28x10% 00 12 b
H+H=Hy ) */2H, + 20H 10108 0 0.0 0<v<3 18
1) = 2Py 108 Hes 108 A0 12«10 05 00 8,19

104+ 81
6x 10'4 H2 *
5x 104 HF
S04y
HyW=Hyten 25x10% a3 0.0 0<vs3 18
Hy V) = Hy V) H gax10' 08 22 v <y 20

PUMPING AND EXCHANGE REACTIONS

Reactian A N Elkcal) Comments References
He HI= Hy(1) +) gox10'0 05 0.5 2
H+ HI= Hf2) + 1 14x10'2 05 05 21
H+ HE= Ho(3) +1 80x10'0 o5 0.5 N
Hale) + Holu) = Hy {u-1) + Hy fuvt) 54x10' 15 00 0<v<3 22
Hyw) + Hylvs1) = H (1) + Hy v+2) 80x107 15 00 v 22
Halv) + 1{ZPg9) = Holu-2) + 1P, ) 152102 00 00 v>2 ¢

a This symbol */ signifies that all potential collision partners have unit relative sfficiency except thass named which have the
rolative efficiencies given by their coefficients

b This study

¢ Estimated from data of Reference (3) by comparing the madel ta it.

lo.
17.
18.
19.

S W. Benson and T. Fueno, J. Chem. Phys., 13, 1597 (1962).
D. Britton, J. Davidson, W. Gehman, and G. Schott, J. Chem. Phys., 25, 804 (1965).
R W.F. Gross and J.F. Bott, “Handbook for Chemical Lasers,” pp 33-94, Wiley Interscience, New York. 1976.

J. A. Blauer, Chemically Pumped Atomic Laser Study, AFWL-TR-75-121, Air Force Weupons Laboratory.
Kirtiand Au Force Base, New Mexico, March 1975.

R.F. Heidner and J.V.V. Kasper, Chem, Phys. Letters, 1_5 179 (1972).

_ A.F. Trotman - Dickenson and G.S. Milne, ' Tables of Bimolecular Gas Reactions.” NSRDS-NBSG. US cept

of Commerce, 1967.

. K.F. Herzteld and T.A. Litovitz, “*Absorption and Dispersion of Ultrasonic Waves,” pp 281-282. Academic Press.
New York., 1959.
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1. EXPERIMENTS

1. PHASE I: THREE-INCH SYSTEM

Since the reaction system of interest requires substantial quantities of atomic hydrogen, we
. have spent considerable time in developing a source for experimental purposes. Basically, binary
mixtures of H, and Ar were shock-heated to temperatures in excess of 4500 K, after which the
gaseous plenum behind the reflected wave was expanded through a nozzle to a final state in the
heighborhood of 300-500 K and 5-15 torr. Gaseous HI was injected into the flow at various posi-
tions ranging from the nozzle throat to its exit plane.

_ Two nozzle types and injection schemes were used in this study. The two approaches
are illustrated in Figures 3 and 4. A slot arrangement with HI injection slightly downstream of
the throat was used initially. In this arrangement, the nozzle effluent passed directly into
the observation region with no attempt to contain the flow. The HI injection was by means of
32 channels, 0.025 cm diameter, top and bottom, leading from a plenum and set at 30° to the
nozzle axis. The nozzle had a throat half height of 0.064 cm and an area ratio of 3.8:1. Its
total length from throat to exit plane was approximately 1 cm. Materials of construction included
stainless steel, aluminum, plexiglass, and nylon. These nozzles also varied from a contoured (bell)
slot to a simple wedge,all with the same area ratio. The exit plane width was always 7.5 cm.

HI Injectors

Step
Expansion

Mixing Nozzle Array

1 | Piezoelectric
Detector

. N\ Piezoeiectric
Detector

Figure 3.  Schematic of Nozzle Designs Used to Study the lodine Chemical System

The second nozzle design consisted of an array of 23 rectangular nozzles leading from cir-
cular throats and interspersed with 24 secondaries for Hl injection. The primary nozzles had
' circular throats of 0.075 cm diameter and an area ratio of 20:1. The secondary nozzles were simple
wedges having throat half-heights of 0.013 cm with an area ratio of 5.2:1. The entire array was
7.5 cm wide and was 0.5 cm high. For this particular design. plexiglass shrouds were placed around

11
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P A

the nozzle exit plane to confine the flow. The shroud walls receded from the nozzle at an angle
of 5° relative to the flow direction.

The observation section of the apparatus allowed a field of view which extended from the
nozzle exit plane to a distance downstream of 5 cm. At this point the flow exited to a vacuum
duct having an i.d. of 25 cm and length of several meters and which was continuously evacuated (o
a pressure less than 0.05 torr.

The shock-tube was of stainless steel and had an inside diameter of 8.9 cm. Shock detection
was by means of piezolectric monitors placed along the length of the tube. The driver gas was
helium and the driven gas was typically a 3% mixture of Hs in Ar.

Various diagnostics were used during the course of these studies. Chemiluminescence
from l(3P1 /2) was observed at several positions downstream of the nozzle exit plane by means of an
intrinsic Ge chip detector. Spectral isolation was either by means of 2 McPhearson 0.333 meter mono-
chromator or a narrow band (+0.04 um) interference filter centered at 1.3 um. A comparison of
the chemiluminescent intensity thh the radiant intensity of a standardized blockbody allowed for a
2 =¢t estimate of the upper state, 52 P12, number density. A second diagnostic involved the use of
an atomic resonance line absorption technique and gave estimates of both the upper and lower laser
level number densmes Thus, optxcal density measurements at 2062 A and 1830 A allowed for num-
ber densities of the S-Pl/') and 5~P3/7 states to be estimated independently.

The resonance absorption approach required a calibration against carefully prepared standards.
These were prepared by dissociation of various compounds of iodine by shock heating of binary
mixes in argon. From the equilibrium shock parameters and a pressure measurement (piezolectric)
at the observation point within the observation chamber, it was possible to estimate the temperature
of the expanded gaseous sample. Thus, from the adiabatic condition,
v-1

T P

Here Ty and P, refer to the plenum conditions; whereas, T and P refer to those existing at the observa-
tion point. To make these measurements, the slot nozzle arrangement, Figure 3, was used. The step
function within the observation port was eliminated by placement of plexiglass shrouds, the walls of
which receded from the flow direction at an angle of §°. The piezotron (Kistler Mod. 246)

was calibrated at the factory for pressure measurements below 1 atm. The calibration was confirmed
at our shock tube facili., to be accurate to within 5%

It is unfortunate that the atomic resonance absorption technique is so very sensitive that it
can only be used over a very narrow range of operating conditions. For the 52p3 6" state, con-
centration measurements can be made with certainty only to the range of 3 x 10-! moi/cm3,
and for the SZPI /2 state the upper limit is in the range of 3 x 109 mol/cm3. Another source
of error which will be most critical for the 52Py /7 state is the assumption that the chemistry and
energy transfer processes within the system are frozen on passage through the nozzle.

Finally, late during the program a direct small signal gain measurement was instituted. A probe
laser was constructed about a coaxial Xe flashlamp having a bore of 0.25 in., an active length of § in.,

and equipped with coils for water cooling. The windows were of sapphire set at the Brewster angle
and the mirrors were AR coated for peak reflectivity at 1.3 um. The output mirror was flat with
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a transmissive output coupling of 1% which was used with a total retlector (~99.5%) which had a
radius of curvature of 1 m. For an input of 100 J, the device delivered approximately 0.13 mJ with
2 us FWHM when the lasing tluid was derived from CH3l at 10 torr pressure. A schematic of the gain
measurement is shown in Figure 5. and a photograph of the sctup is given in Figure 6. By comparing
the ratios of test and reference detector outputs betore and during test, it was possible to estimate
the gain within the medium during a test. It was found necessary to make the comparison with the
ratio of detector outputs obtained for pure shock-heated argon in order to obtain day to day

reproducibility.
Pulsed
lodine
Laser
Sapphire
Beam Splitter
Attenuator
Mirror
/ ’
/ .t
/ S~
Test /’ J/ ~*——— Flow
Detector H | —-—p—————
l| E & e
1.3 um Filter L v
\ Sapphire Window
V Mirrors
Reference Beam
' ] Attenuator
X 1.3 um Filter
Vb‘! .

Reference Detector

Figure §. Optical Configuration for Gain Measurements

[nitially, a thin (0.0015 in.) Al diaphragm was stretched over the nozzle entrance plane to
prevent flow of plenum gases before arrival of the shock wave. The HI flow was initiated 2 s be-
fore arrival of the shock wave, Later, it was found that more reproducible results were obtained by

4 initiating a flow of plenum gases through a solenoid valve into the shock tube 2 s before initi-

. \ ation of the shock wave. This latter approach allowed elimination of the Al foil diaphragm which

N tended to vaporize and condense, mirror like, on the windows. A double diaphragm arrangement
allowed for timing of the shock initiation to within 0.5 s.

: Gaseous Ar and Hy were purchased in research grades from Matheson and used without

' further purification. The HI used was vacuum distilled at 0°C prior to its use. The I3 and CH3l
] were purchased from Malinckrodt at 99.5% purity and used without turther purification.
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Photograph of Apparatus for Gain Measurement

Figure 6.



2. . PHASEIl: TWELVE-INCH SYSTEM

Gain measurements during Phase [ suggested that it would be possible to initiate laser oscil-
lations at 1.3154 um in a system having a 12-in. gain path. Accordingly, a !2-in. system was designed
and constructed. A schematic of the basic equipment is given in Figure 7. A more detailed drawing
of the mixing nozzle array that was used is given in Figure 8(a) with a photograph of a small section
given in Figure 8(b). A photograph of the assembled apparatus is given in Figure 9.

The nozzle array consists of a double row, the individual elements of which are described
here. There are 95 primary nozzles in each row and each is flanked on its two sides by secondary nozzles.
The primary nozzles have 0.030-in. diameter circular throats and 0.080 x 0.195-in. rectangular
exit dimensions. The overall length of an element (leading from shock-tube plenum) is 0.320-in.
The subsonic portion of each element is a 60° conical convergent section of 0.070-in. length. The
secondary nozzles are simple wedges having rectangular throats of 0.010 x 0.390-inch cross sections
and exit dimensions of §.035 x 0.390-in. The secondary nozzles are provided with a common feed
which was incorporated within the body of the nozzle array and consists of two channels 12-in. long
and of rectangular cross section, 0.188 x 0.173-in. The nozzle array is illustrated in Figures 8(a)
and 8(b).

The shock-tube is of stainless steel construction and has an inside diameter of 6-3/8-in.
The tube is connected to the 12-in.-wide reaction chamber by means of a constant area duct which
changes the 6-3/8-inch circular dimension to a rectangular exit of 12 x 2-5/8-inch cross section.
The rectangular end of the duct and the reaction chamber are separated by the array of nozzles having
an overall rectangular dimension of 0.4 x 12-in. Shock detection is by means of piezoelectric
detectors.

The reaction chamber has a rectangular inside cross section with dimensions of 12 x 0.8-in.
Aluminum shrouds could be placed within the reaction chamber to provide a smooth transition into the
observation area for gases exiting from the nozzle array. In these cases, gases exiting from the nozzle
encounter a wall which recedes from the exit plane at an angle of 2°. The observation port extends tfor
2-in. beyond the nozzle exit plane. The reaction chamber has an overall length of 3-1/2-in.

The short length and the subsequent ballast tank (60 gallons) assure proper supersonic operation of
the apparatus. Finally, a sensitive piezotron detector is provided for pressure measurements within
the reaction chamber at the point of optical measurement. The sensor has a useful range ot 0-500
torr with a maximum resolution of 0.5 torr. It has proven necessary to provide high frequency filter-
ing tor this device to eliminate, as far as possible, the ringing noise.

The laser cavity was completed as follows: The Brewster windows were ot BK-7 glass and had
surfaces flat to 1/10 wave at 5461/A and parallel to 2 s of arc. The surfaces were polished to
an LOI tolerance of 00 scratch/dig. The total reflector had a radius of curvature of 2 mand a
retlectivity greater than 99% at 1.3 um. The output coupler was a flat mirror with an Ar coating to
give peak retlectivity at 1.3 ura with a transmissivity loss ot 1¢% at this same wavelength. The mirror
separation was approximately 85 cm. Detection was by means of a Ge chip intrinsic
detector 11 cm beyond the output mirror and coupled to it by means of a metallic tube of 4 in.
diameter with nonreflective internal walls. This prevented light leakage around the mirror and into
the detector. The most reproducible results were obtained with a freshly cleaned nozzle and injector
assembly. Also. it was necessary to use freshly distilled HI. Thus, immediately after steam cleaning
the system, a spoiled cavity experiment would be obtained by blocking or detuning the total retlector.
The optical arrangement would then be aligned and a tuned cavity experiment would be constructed.
The system would then be recleaned.
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Figure 8(a). Body Nozzle for 12-Inch Shock-Tube Laser
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Figure 8(b). Photograph of Mixing Nozzle Array (2%-Inch Section).
Overali Length is 12 Inches
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3. CALIBRATIONS

For the atomic resonance absorption measurements ot iodine atom concentrations, binury
mines of Arund [F5. CH3l. or [5 were shock-heated to temperatures above their dissociation limit
and expanded through the slot nozzle into the test section. A typical optical density and chumber
pressure profile is shown in Figure 10 for one case. After an initial transient lasting tor about 1350
usec, the chamber pressure approaches its equilibrivm value and the measurement can be muade, sec
the figure. The results for these optical density measurements are collected in Tables H and 1L

i 100 us
qr -t

1 Pressure ?
5 IO v Aot AN NG o
g i 4, L ' 2
3 ' 1}
P J Intensity e

Time —

Figure 10.  Cavity Absorption and Observation Chamber Pressure Traces tor 0.1% [Fs Shock-
Heated to 4160 K and Expanded to 148 torr and 832 K, A = 1832 A. Lower State

Since the electronic excitation required for these measurements occurs within the plenum,
it is quite possible that due to surface ettfects within the nozzle, the relative concentration of the
5°p '3 state will be distorted considerably before the point of measurement is rcuchd: on the other
hand. due to the relative initial thermal populations, the greatest distortion in the 5"P3/‘\ state that
can oceur is only about 10%, which is not serious. Accordingly. the calibration presented here can
be used with confidence only for the lowe;r(: P3/ 1) state and should only be used to indicate the
order of magnitude tor the upper state (5- P]/-\)

A more realistic result tor the S-Pl/a state results from the infrared iintensity measurements.
It can be shown that the concentration of this state is related to the observed intensity level by meuns
ol the tollowing equation: 23

. - V/R R
Tu 4 wh L+al R
A (hex 107773 L BMo- M ing )

. I . . . . oy . h - - .
By definition. V is the voltage reading, A the tinstein coethcnent'4 (5.4 sec l). ais the detector
cross-section, wh detines the aperture at the window, L is the window taperture) to detector
distance. gt do- M) s the filter transmissivity at 1.315 wm. AL is the optical path length

230 Wilhn L. Wolte, “Tlandbook ot Military Infrared Technology.” pp. 4537-SI8.US_ Gove. Printing e, Tund
24 V.S, Zuev, VoA Katubin, Vo Yu Nosach, and O, Yu, Noach, Sov, Phys, JETP. 35. 570 0[972),
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TABLE Il. ABSORPTION DATA FOR 1(<P3'3) AT » = 18304 A

Temperature

mol/cm? (em3/mon%
Precursor  Plenum Expanded  [1(2P3/9)]  Log {1/} €€
IFg 5380 1033 1.38x 1010 0.48 a1x10%
IFg 5380 1061 1.47x1010 0.41 3.4 x 10
IFg 5000 1065 6.73x 10"} 0.41 5.0 x 10%
IFg 5360 1072 3.79x 10N 0.15 2.4 x 109
IFg 5440 1011 3.36x 101! 0.12 2.1 x 104
IFg 5500 1033 1.72x 101 0.11 2.6 x 104
CH3l 5010 916  3.17x10°70 0.56 3.2x 104
CHg! 4880 1021 1.01x10°10 0.30 3.0 x 104
CH3l 4930 957  4.47x 101! 0.20 29 x 104
CH3! 4960 962 444 x10°M 0.17 2.5x 10%
CHg! 4950 993 9.48x 101! 0.28 2.8x 104
CH3l 4925 992 554x1010 0.41 1.7 x 104
CH3! 4925 730 4.71x1010 0.64 29 x 104
CHgl 4930 730 1.17x10°10 0.21 1.9 x 104
2 2445 24452 6.94x 108 095 >11x104
IFg 5440 1067  7.56x 1010 0.56 20x 104

a Absorption data taken directly from plenum

TABLE III. ABSORPTION DATA FOR I(2P3/2) AT A =18304 A

Temperature

mol/cm:3 (cm3/mol)'/’
Precursor Plenum Expanded (I (2P3/511  Log um e
IFg 3940 720 1.64x109 0.26 1.6 x 108
IFg 3910 703 1.64x 10‘3 0.34 20x 108
IFg 3130 699 2.75x10° 0.59 2.1x 108
Fe 3135 810 3.28x10° 0.61 19 x 108
IFg 4230 927 6.12x10° 113 1.8x 108
IFg 3150 718 2.73x 109 0.49 1.8 x 108
IFg 4224 1002  7.02x 108 0.96 1.4x 108
IFg 4030 840  364x10° 0.74 2.0 x 108
Fg 3800 775  3.00x 10° 0.72 2.4 x 108
IFg 7650 1406  1.59x 10" 0.003 1.0 x 108
IFg 3820 692 387x10° 0.758 20x 108

The data for the § 2P3/2 state can be best described by the equation

4 2 0.5 £0.07
29205 x10% | 1| %Py,

Al

whereas, for the 5 2p1

IO
o\

state, we have

/2

= + 8 2P
) {19203} x 10 | '( 1/2) I




through the medium and wh Jetines the aperture at the window. The instrument responsivity,ﬁR'.
15 obtamned by comparison against a standard black-body source. It can further be shown that 23,

, \Y%

R = o (13)
aw
—LT ( Nag (- Ay hda

AX

Where Ny is the black-body radiancy at wavelength X and integration is over the spectral bandwidth
ot the filter.

Gas flow calibrations were accomplished as follows. The gaseous HI, alone or with a diluent,
was contained in a 6 liter stainless steel container, within which the pressure was monitored before
and after a test. From the flow duration and the pressure drop within the container, the average Hl
flowrate was easily determined. The flow of plenum gases through the nozzle was assumed to be
given by the simple isentropic assumntion, i.e., 25

/AN RN
= » _ —_ - 14
P PoAT (g V(D) (14)

Here " is the molar tlow rate, P and T, refer to the plenum, M is the molecular weight, v is the heat
capacity ratio, and A* is the effective throat area. For our purposes A* is assumed identical to the
geometric area.

15. George Rudinger, “Nonsteady Duct Flow and Wave-Diagram Analysis,” pp. 163-168, Dover
Publications, Inc., New York, 1969.




1. RESULTS AND DISCUSSION

1. PHASE I: THREE-INCH SYSTEM

Typical absorption traces at both 1830 A and 2062 A are illustrated in Fxgures 11-13. These
figures demonstrate conclusively that both reagents (H and HI) are required before | (-Pl a)is
formed. Thus, a source derived from simple dissociation of HI in a hot boundary layer can be ruled

ut. Frequently. infrared emission and uv absorption traces were obtained simultaneously. An
example of this is shown in Figure 14. Data taken for the slot nozzle arrangement are collected in
Tables IV(a) and IV(b). Where appropriate, the small signal gain was estimated from the measured
concentrations by means of the following equation:

Ao, "
S
81 cw, .~ &g

Here we is the line center frequency (cm” ), and NQ are the number densities of the two states
with eleuromc degeneracies. and ¢, is the line functlon parameter. -6 A Voigt line function was
assumed in conjunction with pressure broadening coefficients of Padrick. 15

A typical infrared trace taken with the mmng nozzle array is shown in Figure 15. Unlike
the previous cases, the temporal behavior of the § P] /2 state in this case never exhibits a steady
state. Indeed. after a large initial transient, the concentration decays rapidly to near zero. In order
to investigate the hypothesis that this is only a reflection of the temporal behavior of the atomic

hydrogen delivery, the HI was replaced by F5 and lasing from HF(v) formed by the following process
was sought:

H+F2=HF(V)+F t16)

The windows were of sapphire set at the brewster angle and the mirrors were AR coated for peak
reflectivity at 2.7 um. The output coupling was at 1%. The results are illustrated in Figure 16. The
results appear to confirm the hypothesis since the lasing does not attain a steady state value. Never-
theless, the upper state uv trace (not shown) does appear to achieve a steady state condition although
this is probably due to a near total absorption. For comparative purposes, it is useful to compare the

diagnostic results at a common point in the time history. The point chosen corresponds to the mediun
of infrared intensity. The results are collected in Tahle V.

Finally, to check the gain estimates obtained by the absorption and emission techniques. a )
small signal gain measurement was undertaken, Figures 5, 6. in order to reduce the possibility that
effects of anomalous dispersion might adversely affect the results, the test detector had an active

diameter of 1.9 cm which atlowed for complete capture of the entire signal from the probe laser. The
results of these measurements are given in Table V1.

26. B.H. Armstrong. J. Quant. Spectr., Radiative Transfer. 7(1). 61 (1967).
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Figure 15.  Oscillogram Showing the IR Emission Level at 1.3 um and the Pressure Profile. Ex-
panded Conditions Were 5.2 torr at 424 K With XHI: Xyt XHe: Xar=6:5:26:63.
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Figure 16. Hot Reaction {H + F2 = HF(v) + F] HF Chemical Laser Action at 2.7 um. Molecular
Hj7 Was Dissociated in the Plenum and F2 Was Injected Downstream. Expanded Con-
ditions of 430 K at 5.2 torr With XH: XF1: XAr = 6:8:89. Mixing Nozzle Array
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TABLE VI. SMALL SIGNAL GAIN MEASUREMENTS TAKEN WITH THE
MIXING NOZZLE ARRAY (TRIPLE PASS)

Plenum Conditions Cavity Conditions Correctedb
T K Platm) TK Pltorr) o' R ok a
5380 10.1 359 8.8 00 -0.12 0.0 0.0
4110 9.2 250 6.4 c -0.31 -0.27  .0.035
5250 8.5 370 8.5 0.7 +0.06 +0.18 +0.008
5350 94 334 6.9 0.7 +0.029 +0.06 +0.008
5030 8.0 337 8.8 0.7 +0.02 +0.14 +0,006
5200 9.0 325 6.7 0.7 +009 +0.21 +0.009
5350 9.4 334 6.9 0.7 +0.0 +0.12  +0.005

® o=y fhy

b corrected for Ar blank
€ 5% CH3l in Ar with single pass
d single pass

Also listed in Table VI are the results obtained when a 5% mix ot CH3l in Ar is shock-heated
to 4110 K and accelerated through the nozzle. The result is for a single pass and is indicative of the
tact that the probe laser is oscillating at a frequency that can interact with atomic iodine within the
cavity. Furthermore, a computation of the expected loss within this medium, equation (15), indi-
cates a value of approximately -0.05 em™!in fair agreement with the -0.035 observed.

The first result given in Table VI is indicative of the losses within the medium itself. Thus, in
the absence of HI, the shock treated gases exhibited a loss of 4% per pass. It was found later that this
effect could be reduced by approximately half by dispensing with the aluminum foil diaphragm in
front of the nozzle as described in the experimental section. When the data in the table are corrected

' for this effect, apparent gains in the neighborhood of 0.01 cm-! are obtained. These results are then
. not inconsistent with the results tound in Tables [V and V.

’ Finally, betore a thorough lasing demonstration is undertaken, these results suggest that much
. effort must be spent in overcoming the observed medium losses. Also, the low gain nature of this
todine chemical system (a €& ~ 0.02) suggests that a longer path through the medium is needed. To
accomplish this, the path length was increased from 7.5 cm (Phase 1) to 30 cm (Phase 1), see below. J

In order to demonstrate more conclusively that the nonsteady behavior in the performance
of the nozzle array is a specific function of the chemistry and physics of the hydrogen atom. the fol-
lowing experiment was performed. A binary mixture of SFg and Ar was shock-heated to a tempera-
ture of 5825 K and expanded through the nozzle array. Gaseous H> was injected into the flow
through the secondary nozzles and lasing from HF(v) tormed by the following prc.ess was sought:

F +Ha = HF(v) + H (17)
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The result is illustrated in Figure 17. The laser signal very quickly achieves a steady state which is
maintained to the end ot the test. This indicates that the loss in signal mentioned above is due to a
loss in the H atom number density and is probably not grossly affected by gas dynamic considera-

tions.

Plenum
Pressure

Pressure ——em

p———— {ntensity

Time

Figure 17. Cold Reaction [F + Ha = HF(v) + H] HF Chemical Laser Action at 2.7 um. Molecular
SFg Was Dissociated In the Plenum and H2 Was Injected Downstream. Expanded Con-
ditions of 377 K and 9 torr with XF: XHy: XAr = 3:5:92

A comparison of the results for these two nozzle systems indicates that although the nozzie
array does not generate steady state conditions, it does give a higher peak density for the 52Pp >
state. This suggests that a lasing demonstration will probably be more successful with this system
A likely partial explanation of these comparative results is that the nozzle array provides better ming
of the reagents on the one hand, and on the other hand, provides a greater surface area in both the
subsonic and supersonic regions for H atom recombination. An alternative explanation of the initial
transient is based upon the fact that initially the nozzle elements and cavity are tlooded with HI. This
is rapidly swept out of the way and an efficient turbulent mixing of reagents is replaced by a laminar
mixing which is less efficient.

2. PHASE I1: TWELVE-INCH SYSTEM

Typical pressure histories within the plenum as well as at the center of the observation (win-
dowed) section are shown in Figure 18. The plenum transducer is located .25 in. off venter and 2
upstream of the nozzle bank. It is to be noted that the cavity transducer shows a positive response
about 50 us before the upstream plenum transducer registers the reflected wave. (This is due to the
fact that the transducer is 5.5 cm upstream of the end wall with the scope being triggered by passape

of the retlected wave.)

Y Y N et PPN+ VN Y. . .
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Figure 18.  [lustration of Cavity and Plenum Pressures as a Function of Time for the 12-Inch
System. Retlected Shock Parameters of 3960 K and 2.9 Atm

A typical chemiluminescent trace for conditions reasonably close to those cited in Figure 18
is shown in Figure 19. The result is very similar structurally to that obtained with the smaller. 3 in.
device described previously. see Figure 15, The maximum chemiluminescent intensity occurs in the
vicinity of the maximum cavity pressure, see Figure [8. The total width of the chemiluminescent
pulse is only 250 us which suggests that uncertainties in shock-structure within the plenum will
heavily intluence the results shown here. An interesting feature of these results is that they are re-
producible only in a newly steam cleaned nozzle and injector assembly uand with freshly distilled HI.

.
-+ 100 us
I
>
Z | l |
c T T i 1
3
£

3 +
Time o
] Frgure 19.  Illustration of Typical Chemiluminescent Pulse Produced in 1 2-Inch System. Plenum

Conditions Were 3820 K and 3.1 Aun. Imtal Cavity Conditions Correspond to XAr:
XHI: XH=79:16:5at 22 torr




Thus. after the first test. the luminescent intensity degrades rapidly. see Figure 20, This is not sur-
prising in view ot the fact that after each use the injector assembly is contunmmated with solid jodine
resulting from decomposition of Hl on the freshly cleaned steel surfaces.
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Figure 20. lllustration of Effects of Injector Contamination on Chemiluminescent Intensity. The
Duplicate Tests Were for a Plenum of 5.8% Atomic Hin Arat 3900 K and 3.5 atm
With HI Injection

Several attempts to induce laser oscillations within the chemically produced medium were
made during the course of these studies. Typical results are shown in Figures 2] and 22, The spoiled
cavity results were obtained by simply detuning the tots! reflector. While these results certainly n-
dicate a resonant interaction within the cavity, they are not indicative of laser action. Indeed. a few
experimental conditions gave results indicating even less mirror enhancement than shown here, see
Figure 23. That laser action can be induced in a satisfactory medium within the apparatus as de-
scribed is demonstrated by the results illustrated in Figure 24, Here oscillations at 2.7 um are -
duced in an HF medium produced by the hot reaction chemistny . see also Figure 14 for comparative
purposes. Although laser oscillations can be induced in HF when tested in the 12-in. device des-

cribed here, power measurements gave disappointing results (less thun 10 Wh.* When modeled. thisen-

perimental condition indicates the potential for several hundred watts. Evidently. the lasing medium
has been prepared in a tar from optimal manner. This is likely a further reflection of the causes that
give a nonsteady H-atom tlux. see Figure 23.

* Scientech model 342 pulsed power meter used.
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Figure Z1.  Hlustration of Cavity Experiments for One Experimental Condition. Plenum Condi-
tions Correspond 10 3825 K and 3.2 Atm. The Measured Cavity Pressure Was 30 torr

With XAr: XHI: XH=86:11:3
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Figure 22.  Hlustration of Cavity Experiments for One Experimental Condition. Plenum Condi-
tions Correspond to 3820 K and 3.1 Atm. The cavity Pressure Was 30 torr With
XAr: XHI: XH=84:11:5
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Figure 23.

Figure 24.
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[tlustration of Cavity Experiments for One Experimental Condition. Plenum Condi-
tions Correspond to 3730 K and 3.2 Atm. The Measured Cavity Pressure Was 22 torr

With Xar: XHI: XH = 75:20:5
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lllustration of Hot Reaction [H + F3 = HF(v) + F] HF Chemical Laser Action At

2.7 um. Molecular F2 Was Injected Downstream. Cavity Conditions Correspond to
9 torr With Xar: XF:: XH=93:1.5:5.5
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Since the attempts to induce laser oscillutions withun the chemucally prepuared medium were
unsuceessiul, 1t was decided to regress one step to conduct 4 series of giwin measurements. Durning
the course of these experiments. 1t was found necessary to place the germanium detectors at leust 4
distance of 1o ft from the windowed section to prevent any interterence with the measurement due
1o spontaneous emission. Furthermore, in line with the results obtained for the luminescent studies.
the measured gain decreased in a regular fashion with each succeeding test after the apparuatus wus
Jleaned and the HI was redistitled, see Table VII, The oscilloscope traces obtained for a typical gain
measurement are illustrated in Figures 25(a) and 25(b). The results given in Figure 25¢a) retlect the
conditions existing in the quiescent unshocked gas and were used as the reference point tor the actual
edin measurement which is shown in Figure 25¢b). Typically. the uncertainty in these measurements
was found to have an absolute value of upproxamately £0.03 as evidenced from the ratios obtained
by several individuals independently for a single experiment. The results, while marginal, do indicate
that in a few instances positive gain may have been observed.

TABLE VII. SMALL SIGNAL GAIN MEASUREMENTS FOR 12 INCH-SYSTEM SHOWING
EFFECT OF INJECTOR AND NOZZLE WALL CONTAMINATION

Plenum Conditions Cavity Caonditions

Test? TK P (atm) T°K P (torr) ob Ty, (mol/s) oy ©
1 3450 29 610 22 4.3 0.143 -0.18
2 3800 3.0 562 22 4.0 0.129 -0.40
3 4100 3.7 667 30 kR 0.136 0.37

Blank 3490 2.8 560 22 0.0 0.000 +0.01
1 3440 2.9 480 16 0.6 0.024 -0.03
2 4240 3.6 697 30 2.3 0.128 -0.37
3 3580 2.7 583 22 43 0.129 -0.5%
1 3500 1.2 667 9 1.6 0.021 +0.10
2 4000 18 536 9 1.0 0.019 -0.20
1 4040 1.7 559 9 1.1 0.021 +0.10
1 4110 1.6 569 9 1.3 0.0 +0.04
2 4200 1.5 606 9 1.2 0.021 -0.12

3

Number of tests since system was cleaned and HI was redistilled.
b Molar ratio of HI flow to H-atom flow, equation (14).
C Single pass gain

Several nozzle blockage experiments were conducted during the course of these investiga-
tions. Metallic tape strips were placed over selected blocks of the primary nozzle inlets. An
overall comparison of the results should allow for the development of much useful information re-
garding the dynamic behavior ot the medium within the cavity flow region. In the first instance.
tape strips were placed over the first 4 inches on each side of the center. only the central one third of the
nozzle bank being lett clear. A simple chemiluminescent experiment was then conducted and com-
pared with the corresponding result for an unblocked system. see Figure 26. The nearly identical
traces are indicative of a very nonuniform condition existing within the medium probably due. at
least in part, to wall effects within the plenum. [t should-be possible to reduce these effects by
raising the plenum temperature and pressure.

Several other nozzle blocking experiments were conducted with the cold reaction ot the
H‘) -Fy chemical laser as the principal diagnostic. Mixes of SF and argon were dissociated in

the plenum and Ha was injected into the flow within the laser cavity. Typical results are illustrated
in Figures 27 and 28 and tabulated in Table VIII. At least two interesting features are immediately
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Figure 25(a). {Hustration of Pregain Reference Measurement In 12-Inch System for One Experni-
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Figure 25(b). Iilustration of Gain Measurement tn i 2-Inch System. Plenum Conditions Were
4100 K and 3.7 Atm. Cavity Pressure Measured at 22 torr With Xar XHI: XH
80:14:6. A 35% Loss Is Recorded. During Test .
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Figure 26 . Nozzle Blockage Evperiments. Chemiluminescent Traces Are Shown tor One Experi-
mental Condition. In Upper Trace the Operation is Normal, Whereas In Lower Trace ;
Only 1/3 of Nozzle Length is Unblocked. The Cavity Pressure Was 22 torr

TABLE VIII. COLD REACTION NOZZLE BLOCKING EXPERIMENTS

Nozzle Arrangem-.nt Shrouds Peak Power {Watts) ‘

OO0 0000 OO0 e - 15
OO0OO0OO0O0O0O0O0O0 |
OOOOOOOOO In Place 2.0
[OO0O00000O0O0
OOOOOOOOO in Place 0.9
O OO0 00|00 O

. O OO0 O OO0 OO emm 480.0
OO0OO0O0O0OO00OO0O0O0 ‘
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Laser Action at 2.7 um Produced by the HF Cold Reuction: F+ H>» = HF(v) + H.
The F Atoms Were Produced By Shock Heating Ar/SFg Mixes (277) To Retlected
Shock Conditions of 3450 K and 3.2 Atm In the 1 2-Inch System. Gaseous Ha Was
Injected Through the Secondary Nozzies. All Nozzies Were Clear
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apparent in these results. When one entire row of nozzles is blocked, the laser signal loses its
transitory tform and becomes very much like that ot the small 3-in. nozzle which was constructed
with only one row, see Figure 4 und 1 7. Tlus suggests that at least for the cold reaction the transi-
tory nature of the signal is due principally to the interaction ot the supersonic effluent streams trom
the two nozzle rows. That this is not the case for the corresponding hot reaction is seen from the
results given in Figure 16. [t will be shown later that this difference can be explained on the buasis
ot an examination of the nozzle start-up transients. The second feature of interest is that when the
shrouds are removed subjecting the nozzle eftluent to an additionaf expansion (step-function) of a
tuctor of 2, the laser power increases dramatically. Thus, 480 W were observed from the HF cold
reaction, whereas a computational analysis with the BLAZE Il computer code and with the Kinetics
package tor the H>-F 5 system given by Cohen et all8 gives an estimate of 640 watts for these same
conditions. The BLAZE 1l computer code with its mixing and kinetic routines is described elsewhere .~

For diagnostic purposes relative to a more complete understunding of the operational charac-
teristics of the apparatus, attempts were made to optimize the laser action derived from the cold re-
action of the H4-F5 chemical system. A similar series of experiments for the corresponding hot re-
action will be described later. Binary mixes of 2% SFg in argon were shock-heated to a condi-
tion of near complete dissociation. The gases were then expanded through the nozzle and varying
amounts of H? were injected into the flow by means of the secondary nozzle array. The results
are tabulated in Table IX. The cold reaction exhibits a simple exponential decay in laser intensity.
see Figure 27. Thus. from a measurement of the total integrated power emitted from a given region.
it was a simple matter to obtain an estimate for the peak power. The maximum power observed was
tor an H,/F ratio of 16. This was the maximum reagent ratio achievable with the apparatus as now
configured. It would seem that even better performance would result if higher reagent ratios could
be obtained, indicating that additional exp~s .ion and high dilution levels are required to accommo-
date the heat release of the chemical reaction and vibrational relaxation which occur within the laser
cavity. The greater heat release of the HF hot chemical relaxation will make these requirements
even more severe. The exothermicity of reaction (H + HI) is nearly identical to that of the HF cold
reaction. making it likely that the two systems will be somewhat similar with regard to these thermal

TABLE IX. POWER MEASUREMENTS? FOR THE HF COLD REACTION

Pienum Conditions b
Iy /T c
TK P (atm) Shrouds 2 Plwatts)
2700 2.3 In Place 0.23 44
1870 1.7 In Place 0.31 4.9
2190 1.6 In Place 1.7 24
2450 1.7 Removed 20 1.4
3350 19 Removed 314 15
3195 1.8 Removed 7 55
3310 1.9 Removed 16 474

8 The output coupler was a flat with 20% output coupling.
The total reflector had 8 radius of curvature of 4 m.
Atomic fluorine

€ Measured 2 cm downstream of the exit plane with 1-in. diameter
mirrors {peak powsr).

L5

27 L.H. Sentman, M. Subbiah, S.W. Zelazny, “BLAZE I1: A Chemical Laser Simulation Computer Program,”
Tech., Rpt. H-CR-77-8, MIRADCOM, Feb. 1977.
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et‘gects. This conjecture was confirmed in an effort to optimize the chemiluminescent intensity from
(=P :5) at 1.3 pum, see Figure 29. Here again. the optimum performance seems to be beyond
capabilities of the apparatus as far as the secondary flow rate is concerned.
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i for One Experimental

Figure 29. lllustration of the Etfect of Molar Flow Ratio 8 = '.‘Hl H-
+100 Kund 3.2 £2 Aum

Plenum Condition: 5.8% Atomic H in Ar at 380

It was suggested above that the explanation of the transitory nature of the radiant intensity
levels emanating trom HF hot reaction laser action within the laser cavity could be explained, at least
in part. on the basis of the sturt-up trunsients to be expected tor the nozzle contiguration used. The
analysis used here has been described in detail by Rudingcr.25 For explanatory purposes. a typigal




wave diagram is illustrated in Figure 30. Typically, tor experiments of the type under consideration,
the unshocked gas within the shock tube, Region 1. will be at 300 K and 10-20 torr and will have a

Q-Shack
Reflected Swept Downstream
P-Shock

» |Interface

Transmitted
P-Shock

Time

Incident
P-Shock

Nozzie Plate

Distance
Figure 30. Typical Wave Diagram

composition consisting of 3"z H in argon. The gas behind the incident shock wave. Region 3. will

be at upproximately 2200 K and 0.5-1.0 atm and will have the same composition. After shock re-
tflection from the nozzle plate, the gas, Region 5, will have a temperature in excess of 4000 K. a
pressure in the neighborhood of 3 utm, und will consist of a mixture ot 5.87% atomic hydrogen in
argon. The gas isentropicully expands from Region 5 into Region 7 where its temperature and pres-
sure are in the ranges of 300 K and 2-3 torr respectively. At the sume time. a shock wave is trans-
mitted through the nozzle into the undisturbed gas initially in Region 2 and a new region of high
temperature gas, Region 4. is created. The gas in Region 4 will have a temperature and pressure which
depend upon the degree of mixing of unshocked primary and secondary flows in Region 2. Typically.
however, these values will be in the neighborhood of 1000 K and 80 torr respectively. Finally.in
order to balance the dynamic variables in Regions 7 and 4, a new backward tacing, Q-shock is created
which is slowly swept downstream by the high velocity gas in Region 7. This Q-shock creates a new
region of high temperature gas, Region 6, which will have a temperature in the neighborhood of

4000 K and a pressure of about 80 torr. Regions 4 and 6 are separated by an entropy interface

which separates the gases that were initially in Regions 2 and | respectively. These estimates assume
that no expansion occurs beyond the exit plane of the nozzle. If u step function is present, allowing

a further expansion area ratio of 2, the temperatures and pressures in Regions 4, 6. and 7 will tend to
somewhat lower values. The actual wave diagram for one experimental condition is shown in Figure
31. Only the conditions in Regions 2, 4, 6 and 7 are depicted as the conditions in Region § are given
separately.

A simple explanation of the transitory nature of the hot reaction signal can now be offered.
Passage of the transmitted P-shock through the mixed gases in Region 2 will cause considerable
dissociation of the F» present. This will initiate cold reaction laser action. although the high pressure
will assure poor efficiency. Passage of the diffuse interface introduces another high temperature re-
@on causing total dissociation of all F» present. This will cause a considerable drop in temperature
permitting cold reaction laser action to continue in an inefficient manner. Passage of the Q-shock at
about 250 us (2 cm downstream) introduces a new region of low temperature, low pressure gas of
the proper composition for hot reaction laser action. Unfortunately, the temperature and pressure in
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Wave Diagram for One Hot Reaction Experimental Condition. The Plenum Tempera-
ture and Pressure Were 4200 K and 4.4 Atm. Resp. With XAr Xy = 89:11. Initial
Gas Composition Was 6% Hy In Argon at 20 torr and 300 K. The Shock Velocity
Was 1.6725 mm/us. The Area Ratio Was 20. See Fig. 33.

this region are far from optimal and laser action ceases. Of course, from the nozzle blocking ¢xpen-
ments, Figures 27 and 28, we must conclude thai interaction of the effluent streams from the two
rows of primary nozzles is also of importance here, although this effect has been neglected in con-
struction of the wave diagram.

When one row of primary nozzles is blocked, the cold reaction produces steady laser action.
see Figures 17 and 28. This cffect can also be explained on the basis of the wave diagrams. Thus. at
24 us, the P shock passes the window exposing a gas region having a temperature of about 900 K




1 and 4 pressure of 83 torr. The high temperature dissociates some of the fluorine present and cold

reaction laser action begins. Passage of the intertace causes total dissociation of the fluorine and J
laser action continues. Puassage of the Q-shock leaves a near optimal condition for cold reaction luser

} action. Laser action continues until the arrival of the contact surfuce or the rarefaction at the nozele

plate abruptly changes the plenum conditions.

The nozzle was originally configured to an area ratio of 20. Although this is satisfactory
tor the production of fluorine atoms, see Figure 32, it leaves much to be desired in the case of
hydrogen atom production, Figure 31. Accordingly. late in the program the area ratio was chuanged

Nozzle Observation
Plate Station
] 96
. Q-Shock

Swept Downstream

Time
(us)

;
Interface i
|

Transmitted
P-Shock

Distance (cm)

Figure 32. Wave Diagram for One Cold Reuaction Experimental Condition. The Plenum Tempera-
ture and Pressure Were 3385 Kund 2.7 Atm. The Initial Gas Composition Was 2%
SFg In Argon. The Area Ratio Was 20
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to 11. A typical wave diagram tfor this configuration is shown in Figures 33-34. There are two

stnking differences produced in the wave diagram on going to a smaller area ratio. First. the

! time required for passage of the backward facing Q-shock is considerably shortened. see Figure

, 31. and secondly, the pressure in Region 7 is greatly increased. The latter factor would seem to

! insure a more optimal condition for the HF hot reaction. Indeed. a new region of laser action is
to be expected following an initial burst from the cold reaction chemistry as discussed previously
A typical oscillogram showing the operation of the hot reaction chemistry is given in Figure 335.

; {t would seem probable at this point that the steady decline in laser power and cavity pressure.

I : as shown in this figure, is due principally to the shock interaction between the two rows (levels)

'[ of nozzle effluents as discussed previously in connection with the blocking experiments. Several
experiments were conducted at variable I‘F2/[‘H ratio in a search for optimal operating conditions.

Unfortunately, due to several safety restrictions with regard to the handling of Fa, it was not
possible to obtain very high values for this ratio. The results are given in Table X.

Nozzie Observation
Plate Station
200
Time
(ps)
100 Q.-Shock

Swept Downstream

T=415K
P=8torr
T=6312K Interface
P = 230 torr —
T=1350K
—_ P =230 torr Transmitted
p.
- — T T =300 K Shock
0 P =16 torr
0 1 2

Distance {cm)

Figure 33. Wave Diagram for One Hot Reaction Experimental Condition. The Plenum Tempera-
ture and Pressure Were 4200 K and 3.5 Atm. Resp. With X5 Xy =89:11. Initial
Composition Was 6% H, in Ar at 20 torr and 300 K. The Shock Velocity Was

1.6725 mm/us and the Area Ratio Was 11. See Fig. 31
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Figure 34. Chemiluminescence From Atomic lodineat 1.3 um. The 12-Inch System Was Used
with a Nozzle Area Ratio of ! 1. Plenum Conditions Were 6230 K und 5.1 Atm. With
XH ~ 0.058. Guseous HI Injected Into Flow With § (HI'H) ~ 1.6. Observation 2.0
¢m Downstream of Exit Plane
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Figure 35.  Laser Action at 2.7 um Derived from HF. The Plenum Was 1 1% Atomic H in Ar at
4200 K and 3.5 Atm., 'F5/TH ~ 0.34, Peuk Cavity Pressure Measured at ~ 9 torr
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TABLE X. POWER MEASUREMENTS #FOR THL HF HOT RLACTION

Ptenum Conditions mol/s
%H T K Plam)  Shouds T, [y ey P warts)®  Ag/A|
5.8 3400 27 InPlace 0.008 0031 0.25 17 20
58 4020 28 InPlacs 0.050 0029 17 18 20
58 3630 24 Removed 0024  0.026 ag a9 20
5.8 3460 28 Removed  0.030 0033 a9 4.4 20
5.8 4570 42  Removed 0042 0041 1.0 44 20
5.8 3470 24 Removed  0.022 w027 08 52 20
58 310 20 Removed  0.027 Q080 Q7 15 n
n3 4200 15  Removed  0.045 0131 a3 15 n
1.3 5860 20 Removed  0.031 0034 a9 as "
214 4600 22 Removed 0022 0.080 a3 19 n
214 3800 46  Removed  0.027 018! 015 15 "

3 The output coupling was by means of & 0.5-mm-diameter hale. The total reflector had a radius of curvature of 4 m.
Both mirrors were 1 in. in diameter.

b Peak power (after initial transient for Ag/A| = 11).

Calculations of expected luser power with the BLAZE il 27 computer code, based
upon the kinetics package for the Hy-F» system as compiled by Cohenf8 gives values in the
neighborhood of 2 kW for conditions similar to those given in Table X. This suggests
strongly that most of the atomic hydrogen that should exist in Region 7 of the wave diagram.
see Figures 31, 33, has been converted to the corresponding molecular form on passage through
the nozzle. This. a major conciusion with regard to these studies. was partislly confirmed in the
early stuges of the program. Thus, for the 3-in. system a nozzle was constructed of plexigliss
and tested. The luminescent intensity at 1.3 um was enhanced by approximately a factor of 3
over that observed for an identical nozzle constructed of stainless steel, see Table IV(a). Similarly.
slot nozzles constructed of nylon were tested and found to give good pertormance, see Table 1Viby1

A very simple calculation procedure can be used to estimate the extent of hydrogen atom
recombination on the nozzle surfaces during transit into the reaction chamber. We compute R
the diffusional rate of hydrogen atoms through a thin cooled gaseous film to the surface. Mirels=3
has given a thorough analysis of boundary layer growth in shock-tubes which can be used directly
here. For a nominal plenum condition corresponding to 4000 K at 2.6 atm with Xy ~ 0.053. 1t
can be shown that the boundary thickness in Region 3 is given very approximately by the tollow-
1Ny expression:

fo3tug 7 - b)
by~ 37 /3T Y (8

u M

A similar expression is needed for the gas in Region §

28 H. Minls, “*Attenuation In A Shock-Tube Due To Unsteady Boundary-Layver Action,” NACA Report 1332, 1987,
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When the shock retlects from the tube end and propagates back upstream. 1t produces 4
stagnant core of test gas. The reflected shock also interacts with the wall boundury layer pro-
duced in Region 3. Depending on the specttic heat ratio. this shock wave — boundary luyer in-

teraction can result in a Lambdu type shock and tlow separation. Bused on criterig established in
Reterence 29, this will not oceur here.

Based on the above, it wiil be assumed thut 63 will provide a good estimate of the extent
of the boundary layer intluence. With thermodynamic and trunsport properties calculated tor the
test case, and assuming a 750 us test time, a maximum boundary layer thickness of 2 mm is
predicted.  This value is over an order of magnitude smaller than that required for the wall bound-
ary laver to have a significant effect upon the test results. It would appear that the boundary
laver influence is negligible.

The nozzle block contains 190 individual nozzles with un active exit area ot 31 cm:A The
primary throats were altered late in the program to a diameter of 0.103 ¢m und have a total arey
of 1.58 cm=. The subsonic portion of the assembly has a surface area of 76 cm- exposed to the
oncoming gas. In the retlected shock region, the nominal gus conditions are those given above.
Thus results in o total tlow rate ot 32 ¢ for the argon-hydrogen mixture. With this date. it is strught-
torward to caleulate the usual vas dynamic properties. Thus, the approach Mach number is 0.002.
the souwad velocity in Region 5 is 1195 m s, and the mean tlow velocity. V3. of gas moving toward
the nozzle inletis (1195) x 0.002) or 2.9 m/s.

We estimate the particle residence time in the nozzle by ussuming a linvar velocity increase.
The novzle 1s 0.32 in. long. For given areas and v. the exit Mach number will be in the vicinity of
5.3. The cavity temperature will then be 400 K and the exit plane velocity will be 1975 m 's. Since
the velocity at any given point within the noszle is given by

X
V= Fs+ (Ve Vg oor (e

the passage time will be given by
0.32

dx = -
IO VTV v X = 27 us (20
5 ¢” Y5'0.33

At

It is also of interest to see how much gas is taken trom Region 5 during a test run. With a
flow rute of 32 g/s for 750 us. a total of 0.024 g of the plenum mixture passes through the nozzle.
In region 3. the gas density is 0.0031 g/cm3. With a plenum cross-sectional area ot 200 em=. aslug
of gas of thickness AL = 0.038 ¢m will flow through the nozzle. This is admittedly a very simplitied
preture. but it does help in formulating some ot the remaining calculations.

29 S. Byron and N. Rott, “On the [ateraction of the Reflected Shock Wave with the Laminar Boundary on the
Shock-Tube Walls." Proceedings of the 196! Heat Transter and Fluid Mechanics Institute, Stanford,
Calif,, 1961, p.38.
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Based upon the results to this point, it is now possible to examine the heterogeneous re-
combination of hydrogen atoms on the walls of the plenum. In this calculation, we ignore lateral
diftusion to the plenum walls and consider diffusion to the nozzie block itselt. As stated pre-
viously, the calculation assumes diffusion by H atoms through a staugnant film with recombina-
tion at the wall to produce Hy. The H, is assumed not to redissociate. The model and soluhon
are given in Reference 28 and will not be repeated in detail here. A simple sketeh of the pro-
blem is given in Figure 36. The molar flux of hydrogen at the surtace is given by30

P
A=) A*Dy.
Ny = —RL H-M !

In (21
) XH

LA

The subsonic channel of the nozzle has a total exposed surface area of 76 ¢m=. Then. foru stupnant
]
film thickness. as estimated above (0.038 cm), there results for Dyy_yy ~ 890 cm~s

&H ~0.035 mOl/S

This represents the loss of H atoms to the wall of the subsonic chunnel of the right nozzle block
assembly. The nozzle flows 32 g/s of plenum fluid or 0.049 mol/s of atomic hydrogen.
Hence. of the total molar flow rate of atomic hydrogen, up to 707 is lost 1o recombination on tiie
nozzle block face.

+

XH, j Ho

5 = Thickness
of Film

x
I

Figure 36. Sketch of Diffusional Problem for Recombination of Hydrogen Atoms on the Walls
of the Nozzle Block Assembly

A crude estimate of the recombination losses within the supersonic portion of the nozzle
can be obtained by replacing the stagnant film thickness used above by a charactenstic nozzle halt’
width. Doing this results in a recombination Joss of up to 1677, In conclusion, based on the simple
calculations done here, it appears that about 755 of the hydrogen atoms initially present are lost to
the flow by wall recombination, 70% on the subsonic side and 577 after pussuge through the throat.

To investigate these conclusions experimentally. the inside of the supersonic portion of the
nozzle was coated with a 40 micro-inch layer of SiO, (1 <x <2). A vapor deposition technigue
was used. It was anticipated that the deposit would substantially change the surface characteristics
@ving some indication of the correctness of the conclusions reached ubove regarding recombinative
ettects. The resultant chemiluminescent pulse in comparison to the results obtained for the uncoated
surtace is shown in Figure 37. The results were duplicated several times and it now appears certam

30 R. B Bird. W. E. Stewart. and E. N. Lightfoot, “Transport Phenomena.” John Wiley and Sons, Inc., New Yprk,
p. 529, 1960.
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Figure 37.  Chemiluminescence From Atomic lodine at 1.3 um. The 12-Inch System Was Used
With an Area Ratio of 11. Plenum Conditions Were 4770 K and 2.6 Atm With
8(HI/H) ~ 3.4, Observation at 2.5 cm From Exit Plane For Glass Coated and Un-
Coated Contigurations (Supersonic Parts)

that coating the supersonic portion of the nozzle with a SiO, substrate improves the performance

of the system by about S0%. Although this is a somewhat greater effect than predicted analvtically
above, the comparison is qualitatively satisfactory. Time did not permit an extension of these experi-
ments to the subsonic region of the system. Based upon these results. however. it can be anticipated
that a very sizeable effect could be obtained.

Late in the experimental phase of the program, the windowed section was lengthened to
permit observations at distances of up to 15 ¢cm trom the nozzle exit plane. Chemiluminescent
data were taken at various axial positions downstream and the data are illustrated in Figure 38. [t
would appear that the intensity increases regularly with distance over the available range of the ap-
paratus. Unfortunately, the optimal condition is beyond the runge of the present apparatus. This
behavior is likely. at least in part, to be due to the relativelv slow nature of the transfer process.
equation (8). In any actual analysis of these results, however, it would be necessary to take account
of the attenuation of the flow velocity within the cavity with its attendant effects upon the gas
density. A lasing demonstration was attempted with the optical axis at a distance ot 13.5 cm down-
stream of the nozzle exit plane. see Figure 39. Although considerable resonant enhancement at
1.3154 um was observed during the aligned cavity experiment, lasing did not occur.

Finally. a simple countoured slot nozzle was constructed for the | 2-in. system after the
design shown in Figure 3. Injection of HI was just downstream of the throat. The area ratio was 10
and the material of construction was aluminum. The nozzle was used to produce chemiluminescence
from atomic iodine for one experimental condition. The results are illustrated in Figure 40. The
results obtained are roughly comparable to those given by the nozzle array for an area ratioof 11,
see Figure 38. Even the shape of the curve is somewhat similar for the two nozzles. see Figure 39.
This result is in agreement with the conclusions reached carlier regarding the dependence ot the
start-up transients upon the nozzle area ratio. A lasing demonstration with the sfot nozzle arrange-
ment again proved unsuccessful.
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Figure 38. [llustration of the Effect of Axial Distance From Nozzle Exit Plane Up n the
Chemiluminescent Intensity at 1.3 um. Plenum Conditions Were 6300 £ 100 K
and 3.2 £0.2 Atm With 8 (HI«H) ~ 3.320.3 In Cavity. The Area Ratio Was 1.
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Figure 39.  Ilustration of Cavity Experiments for Radiation Emanating From a Position 12.5 em
From Nozzle Exit Plane. Plenum Conditions of 6430 K and 2.9 Atm. With 8 (HI H)
~ 3.3. The Area Ratio Was 11
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Figure 40.
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Chemiluminescence From Atomic lodine at 1.3 um. The 12-Inch System Was Used
With a Simple Contoured Slot Nozzle Having an Area Ratio of 10. Plenum Conditions ’

Were 5800 K and 3.4 Atm. With XH ~ 0.058. Gaseous HI Injected Into Flow With i
8 (HI/H) ~ 2.4. Observation Was 13.5 cm Downstream of Exit Plane
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IV, DOUBLE RESONANCE GAIN MEASUREMENTS IN A SUBSONIC FLOW TULBE
(PHASE III)

The previously described experimental work centered around shock heating hydrogen gus
1o generate ihe necessary atomic hydrogen reactant. The task undertaken in this part of the pro-
Sram was to examine a system which would generate the hydrogen atows in situ withy HI and
ultimately demonstrate gain.

It hus long been known that alkali metal atoms react with hydrogen halide molecules in the
gas phuse with a bimolecular rate constant which may exceed vollision frequency 31, 32_ The pro-
duct of such an encounter is ty pically a hydrogen atom and a4 metal halide molecule. Rate dutu
tor several reactions involving HI have been reported and tabulated in Table X1

TABLE XI. REACTION RATE DATA FOR GAS PHASE ENCOUNTERS BETWEEN
ALKALI METAL ATOMS AND HYDROGEN IODIDE

Reaction TK k (cm3/molec-s)
Li+HI = Lil+H 300-350 K| 1.36 x 109 (est.)
Na+Hl = Nal+H 300350 K| 833x10 0
K+H1 = KI+H 300-350 K| 3.31x107°

The <vstem thus chosen mvolves the following chiemisin

Mo+ HE = M+ H
Ho+ HE= Hyv €3+ 1 (7 Py~

Ha(v>2) + 1 (FP3 20 = Hytv-2)+ 1 (=P )

Sodium was somewhat arbitranly chosen as the reactant candidate in which these experniments
would be carried out.

1. EXPERIMENTS

The experiment basically involves vaporizing sodium, flowing it with a carrier gas through 4
noszle and injecting HI + diluent at the nozzle exit plane. Downstream of this voptical zone)
demonstration of gain (or loss) would be accomplished employing the Jouble resonance technigue
developed oy Benard 33 which is sufficiently sensitive for making gain meusurements over the short
ean lengths. Schematic views of the arrangement are shown in Figures 41 and 42.

The sodium oven consists ot a 3 inch diameter stainless tube 6 mehes long and sealed at both
ends. Several turns of quarter inch stainless tubing are wound arcund the cylinder. one end of whih
teeds into the cylinder. The unit is surrounded by two semicylindrical heating eleirents. In this
way helium flowing through the tubing is preheated and injected into the oven contaming sodiim

31.  H. Schay. Z. th's. Chem., 11 B, 291 (1930)
32, M. Polanyl, “Atomic Reactions,” Wilhlam and Norgate (o, London (1932),

3 AT Pritteral Appl Phys, Lett 31, 74501977,
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and acts as a carrier gas tor tlowing sodium into the nozzle. The oven temperature is routinely
maintained around 600-650 C.

Originally the sodium vapor and preheated helium were to be independently flowed into a
heated premix chamber and then injected sonically into the optical cavity through a series of eight
slots. One-third of the total helium was to be flowed in this manner. This concept was arrived
at 5o as to alleviate certain practical problems envisioned with narrower slots if sodium was flowed
alone. The premix chamber with slot injector has a diameter of 1 in. This matches the flow tube
diameter which it teeds. On the tlow tube side of the slots a mixture of helium and Hl is injected
from above and below through slots measuring 0.215 in. wide by 0.834 in. long.

At first it was found that sodium and HI were reacting too far upstream, probably in the
premix chamber. In addition the sodium appeared to be clogging the 0.046-in. diameter orifice
through which sodium enters the chamber. These problems were resolved by directing the pre-
heated helium into the sodium oven and utilizing the 0.046-in. orifice as a sonic orifice to control
the helium flow rate.

The flow tube/optical cavity was loaned to BAT by the Air Force Weapons Lab. [tisa
4 x 4 x 4in. aluminum block with three mutually perpendicular holes bored through and
intersecting at the center of the block. One bore, the flow tube channel, was 1 in. in diameter,
and the other two are about one centimeter in diameter.

Radiation from a cw microwave iodine lamp passes through a quartz window located on
the top of the block and exits through another quartz window on the bottom. The radiation is

then retlected by a mirror directing it to a 1/3 meter monochromator set to detect 2062 A radiation.

The remaining channel is an integral part of the pulsed icdine laser. A high reflectance
(at 1.315 pm) dielectric mirror (M) having a 2-m radius of curvature is O-ring sealed to the
block. The opposite end of this channel is sealed off with a Pyrex Brewster window (uv blocking).
Aligned along the optical axis of this combination is a Candela CL-1000 cylindrical flashlamp
advertised as capable of handling 1000 joules for about 5000 shot:. The ends of the flashlamp
were fitted with BK-7 crown glass Brewster windows. Forty torr of CF 31 was flash photolyzed
inside the lamp. A high reflectivity flat mirror (M) completes the pulsed iodine laser resonator.

Reflections from the flow tube Brewster window directed toward a Ge detector/].3u filter
was used to verify laser operation during tests. The changes in absorbance of the 2062 A radiation
detected by the PMT were observed on an oscilloscope triggered by a flashlamp discharge sensor.

The flashlamp pulser consists of two 2 u F capacitors (in parallel) typically charged to 20kV.

The iodine laser pulse shape is reproduced in Figure 43.

Typical flow rates of the component gases were calculated to be
HI = 3 x 103 mol/s

He (from oven) = 3.5 x 102 mol/s

He (in HI) = 2.7 x 10°2 mol/s

Na (est) = 3.5 x 104 mol/s
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Figure 43. 1.315 um lodine Laser Pulse. Sweep Rate - 10 us 'Div. 40 Ton Ch,l

Although the temperature in the optical cavity was not measured the Mach number was estimated
to be 0.25. This was calculated using the measured pressure ¢ ~ 18 torr) and assunung 450 K gas
temperatore and a molecular weight ot about 9.6.

The flow tube with the double resonance gain measurement apparatus in place is shown in
Figure 34,
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2 RESULTS

To verify the presence of atomic iodine in the optical cavity an absorption experiment was
performed on the 1830 A line. This line has an order of magnitude larger absorption coetficient
than the 2062 A line. Radiation from the iodine lamp was chopped to provide the signal detected by
the PMT. Figure 45 shows the change in signal between HI flowing alone and then with sodium
turned on. As sodium reacts with H1, a marked decrease in transmitted radiation at 1830 A is
observed. This indicates the presence of | (< P3,7) atoms within the reacting medium.
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Figure 45. Ground State lodine Absorption. Upper Trace - HI + He Alone
Lower Trace - Na + He Turned On

Gain tests were then conducted using the double resonance technique. Early program tests
appeared to indicate the presence of positive gain in the flow tube. However, extensive further work
showed that the interpretation of these early tests was incorrect and that, in fact. loss occurred at
all points observed in the tube at all flow conditions used. The error occurred because of difficul-
ties in identifying the baseline for the signal from the photomultiplier tube (PMT) monitoring the
resonance lamp.

In order to locate this baseline unambiguously, a dual-beam oscilloscope was used to display
simultaneously the outputs of the PMT viewing the 20624 line and the 1.313 jodine laser pulse. The
scope trace was made to start about 2 us before onset of the discharge in the laser flashlamp. This
allowed time for the PMT baseline to be established on the scope trace. even in the presence of the
low trequency fluctuation of the 2062A source intensity.

Flow rates for both the He + HI and He + Na orifices were calibrated so that the actual pas
flows during the tests could be ascertained. For the He + Na flow calculations it was assumed that,
by the time a volume element of helium reached its orifice, the vapor pressure of sodium reached
its equilibrium value (33 torr at 620 C). This should be the case because of the slow flow veloaty
in the sodium oven. If equilibrium was not established, then the calculated flows are upper limits
to the actual flows. The flow tube pressure was monitored at the exhaust end of the aluminum
block: typically, it was about 18 torr. A thermocouple was placed just upstream of the optical
cavity . measured temperatures of 240 C were typical.
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Figure 46 shows typical results obtained by the double resonance techmque. The delay
between the onset ot the sweep and the iodine faser pulse is about 3 us. In all cases, the PMT signal
mdicates a downward shift which is in the direction indicating loss rather than gain. Figure 47 sub-
stantiates these results. Here the oscilloscope trace was set at 100 microseconds per division. The
long decay time is attributed to the rise-time of the PMT-load resistor combination. previously
chosen to provide a compromise between sensitivity and speed. (The sensitivity criterion adopted
wus to be able to detect a | percent change in the PMT output.) A photodiode powered by a square
wave gencrator showed the rise-time of the PMT-load resistor combination was about 90 us.

Absorption T Y T LB T T T
‘ He + HI
He = 0.056 s mol/s
Hi=3.4x10" mol/s
a
He + Na
He = 0.008 o mol/s
Na ~1.2x10°" mol/s
Absorption i Ll L) I T L L
! A
B 1 7 He+HI
He = 0.064 mol/s
L PMT 1 Hi= 1.2210° molls
b
- 7 He+Na
He = 0.01 R mol/s
~ - Na~1.2x10" mol/s
lodine Laser
| L 1 1 1 1 1
Absorption T T T T T T T
l \ ““ He + HI
PMT He = 0.055 moi/s
= 4 Hi=0.002 mol/s
c
e ﬂ He + Na
He = 0.01 . mol/s
L. -4 Na~1.2x10" mol/s
lodine Laser
. 1 1 1 | 1 1

Figure 46. Typical Double Resonance Oscilloscope Traces
5 us per Div. PMT- 0.5 V/Div.
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MODELING CALCULATIONS

Gain calculations were performed utilizing Bell's BLAZE 1l computer program. The model
consisted of a laminar mixing of two subsonic streams (Mach 0.27). Stream ! and stream 2 con-
sisted of He + HI and He + Na, respectively. The cases were run at constant pressure.

Figure 48 depicts four cases,one of which (Curve 3) corresponds to the experimental results
shown in Figure 46C. Curves | and 2 depict the change in gain characteristic when both the sodium
and HI flows are increased an order of magnitude. One sees that an increase in flow rates will even-
tually lead to a condition where no gain can ever be achieved. It appears that decreasing the flow
rates (curve 3) quickens the onset of gain. For a given flow rate, however, decreasing pressure pro-
longs onset of gain.
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Molar Flow Rates {Mol/s)
- { H Na He |
0 1-| 0.003,0.00075,0.11 | 18 torr
a 2-{ 003, 00075 0.11 }18torr
3-{ 0.002, 0.00012, 0.065 } 18 torr
2L 4-{ 0.002,0.00012,0.085 } 10 torr

Figure 48. Modeling Results
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At this point it is not apparent how to compare the model result shown in curve 3 with the
eperimental curve shown in Figure 46C. The optical zone between 5 to 6 ¢m from the nozzle shows
loss whereas the model indicates gain (~2.5 x 1073 em-!). One surprising feature indicated by the
model 1s that onset ot gain takes place at relatively large distances from the nozzle. This being the
case would preclude consideration of supersonic devices. This finding also suggests that further
measurements be done seeking gain at positions further downstream from the injector. The results
of such tests are given in the next section.

GAIN MEASUREMENTS AS FUNCTION OF STREAMWISE DISTANCE

The flow-tube apparatus was modified to allow the position of the He + HI ring injector
relative to the gain measurement position to be varied. This was accomplished by mounting the ring
injector to a straight tube whose extent within the flow tube ¢ould be varied through a compression
O-ring seal. This is shown schematically in Figure 49. Gain measurements were done at positions
from 2 to 9 vm downstream trom the injector. The run conditions are shown in Table XII and the
results are plotted versus downstream distance in Figure 50. Although there is apparently substan-
tial scatter in the data. it is evident ti-1t loss does occur at all downstream distances and that the loss
is increasing (1.e.. getting worse) with increasing distance.

These results do not support the modeling calculations, which predict gain under some con-
ditions at rather large distances. This variance could be rationalized if there were some quencher of
1* in the 1low which is not included in the kinetic model. A prime candidate is Nal. formed in the
reaction between Na and HI. When Nal is included in the model as an efficient quencher, loss is
calculated at all distances.

On the basis of the above results, it was concluded that the tlow-tube as presently configured
does not produce a gain medium suitable for sustaining lasing on the iodine atom fine structure
transition. Further, the modeling calculations failed to indicute any contiguration or flow condition
that would produce such a medium. It was therefore decided to abandon the flow-tube und return
to the shock-tube to investigate the run conditions that may have given positive gain in the earlier
phases of the program (see Table VD).
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Figure 49. Double Resonance Apparatus Modification
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TABLE XII
RUN CONDITIONS FOR THE Na + HI DOUBLE RESONANCE
Distance Cavity W
From !
{njector . . ‘
{cm) ) "Na TK Pltorr)
2 0.002 mol/s 0.12 mmol/s 443 17
3 0.002 mol/s 0.12 mmol/s 433 18
4 0.002 mol/s 0.12 mmol/s 393 18
5 0.002 mol/s 0.12 mmol/s 383 18
6 0.002 mol/s 0.12 mmol/s 378 18
7 0.002 mol/s 0.12 mmol/s 383 18
8 0.002 mol/s 0.12 mmol/s 385 18
9 0.002 moi/s 0.12 mmol/s 383 17 |

REINVESTIGATION OF SHOCK-TUBE PRODUCED MEDIUM

The double resonance gain apparatus was set up on the shock-tube as shown schematically in
Figure 51 and tests were run at conditions shown in Table X111, The probe laser was placed 8 em
downstream from the nozzle exit plane. The results are shown in Tuble XIII and plotted versus the
ratio of H-atom and HI molar flows in Figure 52. Again only loss is observed and the uncertaintics
in the results preclude our inferring any definite dependence on the molar flow rate ratio.
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Figure 51. Schematic of Shock Tube Double Resonance Gain Measurement

TABLE XIIl. SHOCK TUBE TEST CONDITIONS AND RESULTS .

( Plenum Conditions 1 T
Test TK P (Atm) o THy atem™)
1 3400 1.6 25 0.018 1.9 x 10‘:
2 3700 2.0 5.1 0.014 22.9x10
3 4100 1.4 4.9 0.018 1.7 x10%
4 4200 1.5 6.6 0.014 20x 107
5 | 4700 1.64 9.6 0.011 1.4 x 107
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3x107 - Io}
2107 |- (o) o
©
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Figure 52. Double Resonance/Shock Tube Results




V. CONCLUSIONS AND RECOMMENDATIONS
I SHOCK TUBE SUPERSONIC EXPERIMENTS (PHASES | AND 11)

. The comparative results of the two nozzle systems tested on thic 3-in syvstem show that g steas.
state of concentration 1y achieved tor the slot nozzle arrangement whereas sizitieant start-up transicn !
are apparent tor the nozzle array. This transient phenomenon can be explained on the busis of 4 wave

. analysis of the gas interactions occurring within the nozzle. The ditterence in behavior exhibited by
the two nozzle svstems is due chiefly to their ditferent expansion ratios

One other significant difference between the two nozzle systems can be ascribed to the kv
of hydrogen atom recombination to be expected in each. Thus. the steady state level of rudiunt in-
iensity given by the nozzle array (after passage of the initial transient pulse) s much lower than thut
miven by the slot nozzle arrangement. An analysis ot the problem for the 12-in. system shows thut
significant H-atom recombination is to be expected on the exposed metallic surfaces during expansion
[n the case of the slot nozzle. the walls of the supersonic section are continuously tlushed with HI
making surface recombination less likely. In spite of this more favorable circumstance. a material
balance between the HI injected and the total measured concentration of atomuc iodine tndicates that
at best about 2077 of the initial reagent reacts with atomic hydrogen. see Table Hltbi. This sugeests
that most of the hydrogen atoms have recombined before they pass the nozzle throat. Thus is in keepiny
with a simpie analysis of the problem which suggests that in excess of 707¢ of the losses to recombina-
tion occur during the subsonic stages of expansion. The only apparent incongruity to this argument
left is that during the initial transient the nozzle array gives results indicative of up to 707 reaction ot
the Hi injected. see Table IV, When viewed in terms of a tvpical wave diagram. however, this resalt
is easily explainable. Thus. during the initial transient. the pressure and temperature within the cav
will tend to be much higher than is to be expected atter establishment ot 4 steady state. Both conds
. tions would act to give anomalously high radiant intensities. Thus. g higher temperature would cause
} partial dissociation and reaction of the HI present. i.e..

Hi+ M =H+ 1+ M

f
) H + HI= Hyov) + |
Hatv) + 1 = Hyoe2) + 1%

, [+ M=1%+M

4
The last reaction, one of thermal excitation. would occur to a signitficant oxtent al'ter passaze of 1
entropy interfuce but before passage of the Q-shock. In addition. the anomelousy high pressure
wauld produce absolute number densities that were higher thun those calculable from the simple

i cquations describing isentropic expansion through the nozzle.

’ .

Although the [2-in. nozzle ar-ay with an arca ratio of 20 also exhibirs g nonsteady behavior
the result becomes less pronounced when the area rato is redeced to 11 see Figures 19 and 34
Nevertheless, some nonsteady behavior persists at the lower arcu ratio. However, when one row ot
primary nozzles (two-row array) is blocked. the remaiming transtent behavior is reduced considera!
see Figures 27 und 28, This is indicative of a wave mteraction between the Two sUPCTSOMC ST
whichiis not considered in the construction of our simple wave dragrams Finally _although a simi-
larity exists between the behaviors of the 3-and 12-in. systems. the oversll performance relatine to the
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HE hot reaction did not scale with size. Thus. at best. 4 modest decrease in laser power ut 2.7 um

1> observed on passing from the smaller 3-in. to the larger 12-in. system. This result is in keeping with
the nozzle blocking experiments which seem to show that most ot the hydrogen atoms delivered to
the reaction zone come trom the central 4-in. of gas tlow through the nozzle, see Figure 26. Again.
the result is probably indicative of the different geometries used in the two cases. i.e.. single vs double

rows of primary nozzles. The scaling difficulty did not, however, extend to the HF cold reaction (see
Table VI,

The results to date indicate that hydrogen atom recombination on the walls of the nozzle are
the major ditticulty to be overcome in the successful demonstration of the concepts presented herein.
Nevertheless, a successtul demonstration that the desired chemistry and physics does occur was made.
It would appear at this time that only two avenues of approach are open for further studies. Either
the nozzle and shock-tube plenum will have to be constructed of or successfully coated with glass

(SiO2) or another nonmetallic material, or, the hydrogen atoms will have to be made in situ by chem-
ical means.

2 SUBSONIC FLOW REACTOR

The 1830A absorption results show that ground state iodine atoms are produced in the
tlow reactor but no direct test tor the presence of excited iodine could be carried out. The double
resonance experiments show that it any excited iodine is formed, it is insufficient or decays too
tfast to result in positive gain on the (SPi/: - 5P§/2 ) iodine atom transition. The modeling calcu-
lations suggest that excited iodine is tormed but is rapidly quenched by soine species, perhaps Nal.
No promising directions for apparatus or tlow condition moditications could be identified on the
basis of the modeling calculations.

3. REINVESTIGATION OF SHOCK-TUBL: MEDIUM (PHASE I1I)

Since estimates of gain obtained on the basis of admittedly less precise measurements in
Phase 11 suggested that positive gain might have been obtained at some tlow conditions. the shock
tube medium was reinvestigated to prove or disprove gain at these conditions. The negative results
obtained strongly indicate that positive gain was never obtained using the shock-tube. Again,
BLAZE Il calculations have not indicated fruittul directions tor turther experimentation.

RECOMMENDATIONS

It seems clear from the collected results of this program that puinping of iodine by H,*
does not lead to a usetul laser medium and further investigation of the system shouid be suspended.
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ABBREVIATIONS AND SYMBOLS

Vibrational quantum number
Spectroscopic symbol for upper laser state

Spectroscopic symbol for lower Jaser state

Designates an internally excited atom or molecule - vibrational or electronic

Initial temperature

Initial pressure

Temperature

Pressure

Ratio of heat capacities, Cp/’CV

Angstrom length ( 10-8 cm)

Concentration ot lower laser level
Concentration of upper laser leve)

Initial intensity of resonant radiation
Transmitted intensity of resonant radiation
Molar absorption coefficient

Optical path length

Wavelength

Number density in upper laser level
Voltage

Instrument responsivity

Einstein coetticient tor spontaneous emission

Planck constant = 6.626 x 10727 erg s

Speed of light = 2.9979 x 1010 ¢mys
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ABBREVIATIONS AND SYMBOLS (CONTINUED)

Cross-sectional area of detector active element

Aperture cross-sectional area at the window

Distance from window aperture to the detector

The filter transmissivity at A when centered at Ao

The optical pathlength through the active medium

The black-body radiancy at wavelength A and temperature T
M‘olar tlow rate of species X (mol/s)

The effective nozzle throat area
The gas constant

Molecular weight of gas

Small signal gain in units of cm™!

The line function parameter

The line center frequency in units of em!
Electronic degeneracy of upper state
Electronic degeneracy of lower state
Molar ratio of HI to atomic H flow

Mote fraction of flowing gas

Boundary layer thickness in flow Region j
Gas flow velocity in Region j

Shock velocity

Kinematic viscosity in Region }

Elapsed time

Distance from origin of disturbance

T TR vt <~ SN IIITY s WO pm







